Abstract Sturge-Weber syndrome (SWS) is defined by vascular malformations of the face, eye and brain and an underlying somatic mutation has been hypothesized. We employed isobaric tags for relative and absolute quantification (iTRAQ-8plex)-based liquid chromatography interfaced with tandem mass spectrometry (LC-MS/MS) approach to identify differentially expressed proteins between port-wine-derived and normal skin-derived fibroblasts of four individuals with SWS. Proteins were identified that were significantly up-or down-regulated (i.e., ratios[1.2 or\0.8) in two or three pairs of samples (n = 31/972 quantified proteins) and their associated p values reported. Ingenuity pathway analysis (IPA) tool showed that the up-regulated proteins were associated with pathways that enhance cell proliferation; down-regulated proteins were associated with suppression of cell proliferation. The significant toxicologic list pathway in all four observations was oxidative stress mediated by Nrf2. This proteomics study highlights oxidative stress also consistent with a possible mutation in the RASA1 gene or pathway in SWS.
Introduction
Sturge-Weber syndrome (SWS) is a neurocutaneous disorder associated with (1) a facial capillary malformation [port-wine (PW) stain], (2) a dilated capillary-venous vascular malformation in the eye often associated with glaucoma [26] , and (3) an ipsilateral vascular malformation of the brain consisting of a paucity of normal cortical draining veins associated with dilated, primarily venous, leptomeningeal vessels [5] . The natural history of the disorder is variable and has been described elsewhere [5] .
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SWS is thought to be a disorder of abnormal vascular development occurring in early fetal development; however, the underlying cause is unknown. SWS occurs sporadically and a somatic mutation has been proposed as a likely pathogenic mechanism [3] . Indirect evidence suggesting the presence of a somatic mutation in fibroblasts derived from the normal and abnormal skin of patients with SWS has been reported [6, 11] . However, the putative mutation is unknown.
Mutations in the RASA1 gene have been linked with familial capillary malformations in several families [7, 9] , most recently in association with Klippel-Trenauney syndrome [10] , which is another port-wine birthmark-associated syndrome sometimes seen in conjunction with SWS. The spectrum of vascular malformations associated with RASA1 mutations has been expanding [23] ; however, mutations in this gene have yet to be associated with either SWS or sporadically occurring port-wine birthmarks.
This study uses iTRAQ (isobaric tag for relative and absolute quantification) technology to analyze the proteome of early passage fibroblast cell lines derived from skin punch biopsies from affected (port wine birthmark skin) and non-affected (normal skin) of four patients diagnosed with SWS.
Materials and methods

Sample collection
All participants gave informed consent. Punch biopsies were obtained by dermatologists from port-wine skin and normal skin of four individuals with SWS. Primary fibroblast cultures were initiated from each of the eight skin biopsies. Fibroblast cultures were derived at and obtained from the Maryland Brain Bank along with de-identified clinical information. The Institutional Review Board of Johns Hopkins approved the protocol.
Sample preparation
Early passage cryopreserved vials (P1-2) were plated in 100 mm dishes using minimal essential medium (MEM) containing 20% fetal calf serum (FCS), penicillin and streptomycin and maintained at 27°C in 5% CO 2 . The next day all plates were fed fresh with 20% FCS MEM. When the first plate became confluent cells were split into normal media (10% FCS MEM). When these P2-P3 plates became 90-100% confluent, they were washed with phosphatebuffered saline (PBS) and cultured in serum-free media for 24 h. Cells were harvested by gentle trypsinization, washed with PBS, resuspended in 0.25 M sucrose buffer containing 10 mM Tris, pH 7.5, 0.1 mM EDTA, and protease inhibitors (Complete, Roche, Germany). Protein concentration was determined by the method of Lowry et al. [15] and each sample was divided into 150 lg aliquots and stored at -80°C.
iTRAQ analysis
Extracted peptides from harvested samples were resuspended in 20 lL 0.5 M TEAB (triethylammonium bicarbonate buffer). Each sample was labeled for 2 h at room temperature by adding 25 ll of one iTRAQ reagent (113, 115, 117 or 121), maintaining the pH between 7.5 and 8.0 with 0.5 M TEAB. All four iTRAQ-labeled samples were then combined and dried. Peptides were fractionated using SCX and stored at -80°C until LC-MS/MS analysis.
Ingenuity pathway analysis of data sets Raw data obtained from iTRAQ analysis was uploaded and analyzed for sub-cellular location, comparative proteomics, biomarkers and functional networks using proteome software ingenuity pathway analysis (IPA 7.5, Ingenuity Systems Ò , Redwood City, CA; http://www.ingenuity.com). The entire data set of ratios of identified proteins in portwine sample to their controls (N) was uploaded onto IPA 7.5. Each identifier was mapped to its corresponding gene object in the Ingenuity knowledge base. Ratios with [1.2-fold change compared to their own control, and with significant p values for the number and size of the peptide sequences matched belonging to the protein identified, were set to identify genes whose expression was significantly differentially regulated for each patient. These genes, called focus genes, were overlaid onto a global molecular network developed from information contained in the Ingenuity knowledge base. Networks (see Supplementary Tables 1-4) of these focus genes were then algorithmically generated based on their connectivity. The functional analysis (see Supplementary Tables 1-4) identified the biological or toxicity functions and/or diseases that were most significant to the data set. Tox lists (see Supplementary Tables 1-4) identified functionally grouped gene sets and pathways that describe critical pathways and key adaptive, defensive, or reparative responses resulting from insults from the ingenuity pathways analysis library. The functional analysis of a network identified the biological functions and/or diseases that were most significant to the genes in the network. The significance of the association between the data set and the lists were measured in two ways: (1) a ratio of the number of genes from the data set that met the expression value cutoff that map to the list divided by the total number of molecules that exist in the list is displayed. (2) Fischer's exact test was used to calculate a p value determining the probability that the association between the genes in the data set and the list is explained by chance alone. Table 1 displays the limited demographic and clinical information available for the early passage fibroblast cultures. Three of the subjects were female and three were children; ages ranged from 5 to 32 years. Three of the subjects had seizures, three reported weakness on one side of the body (hemiparesis) and three were taking anticonvulsants. Two were reported to have glaucoma, and endocrine issues were reported in one subject. One subject was known to have had laser treatment to that region; in one subject laser status was unknown. Table 2A displays the 16 proteins which were increased ([1.2) in the port-wine fibroblast in two of the pairs. Table 2B displays the 13 proteins which were decreased (\0.8) in the port-wine fibroblast in two of the pairs. Table 2C displays two proteins which were increased or decreased in three of the pairs. Consistently increased proteins included several ribosomal proteins and proteins that support cellular proliferation such as caveolin-1, high mobility group protein B1, and prothymosin alpha (ProTa). Consistently decreased proteins included GTP-binding protein SAR1b [12] , MAPK 3, rho-GTPaseactivating protein 1, S100-A6 [29] , and methionyl-tRNA synthetase cytoplasmic [14] , that are involved in control of cellular proliferation. Supplemental Table 1 includes all the protein ratios for all four pairs of samples compared.
Results
Oxidative stress mediated by nuclear factor-erythroid 2-related factor 2 (Nrf2) was significant in all four observations for the top toxicological list. Table 3 indicates all the proteins significantly regulated from the Nrf2-mediated oxidative stress response pathway in this data set. Oxidative stress, aryl hydrocarbon receptor (AhR) signaling and hepatic fibrosis were all significant in three of four observations.
Discussion
In the network analyses, the disease process of cancer was significant and in the sub-category of physiological system development and function, tumor morphology was significant. Several consistently increased proteins in the portwine-derived fibroblasts are known to support cellular proliferation, while a common theme in the consistently decreased proteins is control of cellular proliferation. RhoGTPase-activating protein 1 was decreased in all four ratios and significantly so in two of the pairs. Rho-GTPaseactivating protein 1 is a potent tumor suppressor that interacts with RASA1 [30] . In addition, Rho-GTPaseactivating protein 1 silencing in epithelial cells promoted pro-angiogenic responses [24] . RASA1 regulates neurite outgrowth through its interactions with the ephrins [8] and regulates proliferation partly through regulating MAP kinases. The RASA1 protein, however, is not included on the panel of screened proteins. Molecules from the MAP kinase family were consistently down-regulated. MAP kinases, act in a signaling cascade that regulates proliferation, differentiation, and cell cycle progression in response to a variety of extracellular signals. In fibroblasts they mediate the proliferative action of multifunctional cytokine p43 which acts on endothelial and immune cells to control angiogenesis and inflammation [20] . Oxidative stress response mediated by Nrf2 was significant in all four observations (Table 3) . Upon exposure of cells to oxidative stress, Nrf2 is phosphorylated in response to protein kinase C, phosphatidylinositol 3-kinase, and MAP kinase pathways. Nrf2 then binds to the antioxidant response elements within the promoter of enzymes, such as glutathione S-transferase, NAD(P)H quinone oxidoreductase, heme oxygenase and superoxide dismutase, and activates their transcription. Aryl hydrocarbon receptor signaling and oxidative stress were also significant in three of the four toxicological lists. AhR is a ligand-activated factor of the basic helix-loop-helix/Per-arnt-Sim family with important roles in metabolic adaption and in organ and vascular development [2, 13, 22] . AhR and Nrf2 have been shown to function coordinately in protection against oxidative stress. Interestingly, all the cultures were responding to the relative stress of being in a serum-free medium for 24 h; it is possible, that this culture condition brought out some of the changes noted in the comparisons.
Prothymosin alpha, another up-regulated gene in this study, has been shown to be one of the hypoxia-induced genes that is up-regulated in areas where the local blood supply is poorly organized, occluded, or unable to keep pace with the growth of cells [4] . Studies indicate that ProTa plays in vivo neuroprotective roles after ischemic events [27] . ProT a is also thought to play a role in cell proliferation, carcinogenesis and apoptosis [28] . Brain abundant membrane attached signal protein 1(BASP1) was significantly modulated in all paired samples tested, is involved in apoptotic cell death pathways [19] , and its down-regulation may also indicate a pro-proliferative outcome. Deficient growth hormone (GH) signaling down regulates BASP1. This is of interest since a subset of SWS patients show GH deficits [16] . BASP1's role in extracellular matrix interaction for neurite outgrowth [1, 17, 18] is also of interest for SWS; deficits in the number of perivascular nerves detected in skin biopsy samples of SWS patients have been hypothesized to underlie the pathogenesis of port-wine stains [21, 25] . No single protein was differentially expressed in the same direction in all four pairs of observations; this lack of consistency could result from (a) differences in the percentages of mutated cells or (b) different underlying mutations. Limitations of this study include the limited clinical data available with these fibroblast samples, as well as the small number of subjects. The rarity of SWS increases the difficulty in obtaining both skin biopsies and fibroblasts from these subjects.
Conclusion
Future studies are needed to determine the clinical relevance of these findings; however, this proteomics study creates a roadmap for next steps. The consistent pathways identified direct our attention to a possible dysregulated response to oxidative stress in the SWS/port-wine-derived fibroblasts. This hypothesis can be addressed by quantitatively assaying (1) cellular proliferation and (2) oxidative stress responses in these SWS fibroblast cultures. Furthermore, these proteomics results are consistent with a mutation in the RASA1 gene or pathway. Therefore, genetic screening for a somatic mutation in the RASA1 gene, in fibroblasts or tissue taken from port-wine birthmarks in SWS, should be pursued.
